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About Me
• Assistant Professor in Mechanical and Industrial Engineering
• Postdoc in Bioengineering at UCLA
• Ph.D. in Mechanical Engineering at UCLA
• B.S. in Electrical Engineering at Zhejiang University
• What I do:
• Teach undergraduate and graduate classes in Mechanical Engineering
• Research interdisciplinary interface engineering (MEMS, soft electronics and robotics)
• Mentor graduate and undergraduate students that work on interdisciplinary projects
• Serve on university committees
• Outreach to the broader public, like this!
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Today’s Workshop

Break?

Break?

Some preparation by our students now
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Lotus Leaves vs. Common Leaves

YouTube

Droplets

YouTube

Films
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Why do we see water droplets? à Surface tension
What is surface tension?
It is an energy per unit area needed to create an interface.

More interfacial area – more energy
Liquids want to minimize surface area – form spheres
Two immiscible liquids will separate – oil in water
Liquids and solids interact through surface tension, g , and contact angle, q

γ

Air
Liquid

γSL θ

NASA

γSV

Solid
The larger the surface tension the large the force a liquid can exert on a solid

Mercury drops

If water likes a surface, the contact angle is small, q < 90°, and the surface is hydrophilic
If water dislikes a surface, the contact angle is large, q >90°, and the surface is hydrophobic
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Surface Tension Dominates at Small Scale
Meniscus = a liquid-air interface

Meniscus is curved

Meniscus is “tough”
YouTube

YouTube

γ

γ
mg

Hu et al. Nature (2003)

Lotus leaf

Water strider
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Activity 1.1: Making Dense Objects Float w/ Surface Tension
Experiment:

• Need: a cup full of water, three different
sized acrylic spheres

• First, place the largest sphere carefully on
the surface of the water. à Sink or float?

• Density of acrylic is 1.18g/cm3 – 18% more
dense than water

• Now place the medium sized sphere on
the surface of the water. à Sink or float?

• Acrylic is hydrophobic – doesn’t like to be
wet by water – wants to stay dry
Fgravity = r gV = r g (4/3pR3)
Fsurface tension = gP = g (2pR)

⇒ Fg / Fst = ( 2r g / 3g )

• When radius of sphere gets small, Fg < Fst
• How small is small? Let’s find out.

R2

• Predict whether the smallest sphere will
sink or float. Were you right?
• What will happen when you throw the
medium and smallest spheres in water?
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Activity 1.2: Observation of Surface Tension
• Need: a cup full of water, plate, scissors,
paper clip, hand soup, candle, bread bag clip
Experiment 1:

Experiment 2:
• Cut a surface tension driven boat
• Add hand soup to let it move
• Can it move continuously?

• Try to place a paper clip gently on water to
let it float (like the medium size acrylic ball
in the Activity 1.1)
• If it is too difficult, how to make it easier?
• Use a paper underneath to support it first
• Use candle to coat a layer of wax

• Is the meniscus shape convex or concave?
• Add some soup to the water to see
whether it will sink?
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Continuous Moving Boat

Credit: Mr. Neeraj Raghuraman
Ref: M. Cheng, D. Zhang, S. Zhang, Z. Wang, and F. Shi, “Tackling the Short-Lived Marangoni
Motion Using a Supramolecular Strategy,” CCS Chem., vol. 1, no. 2, pp. 148–155, 2019.
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Other Examples in Daily Life

Tiny World / Apple TV+

Gecko / Lizard

Inkjet printer
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The Lotus Effect – Superhydrophobic Surfaces
• The leaves of the lotus plant are superhydrophobic – water beads up on the surface of the plant and
moves freely with almost no resistance making the leaves self-cleaning.

Water Drops on a Lotus Leaf

•

Surface of a Lotus Leaf

The surface of the lotus leaf has 10 µm sized bumps which are coated by nanometer sized waxy crystals

Hydrophobic Material /
Coating

+

Micro/Nano
Structures

=

Superhydrophobic

•

The water does not wet the entire surface of the leaf, but only the tops of the roughness.

•

Contact angle approaches q = 180°

(the contact angle with air)
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Hydrophobic vs. Superhydrophobic
Hydrophobic

•

Superhydrophobic

Self-cleaning Animation & Demo

Droplets don’t stick to superhydrophobic surfaces
•
•
•
•

Water-based stains don’t adsorb resulting in stain resistant textiles
Dirt is picked up by rolling drop as it moves resulting in a self-cleaning surface
Droplets can be manipulated one at a time on these surfaces to synthesize or analyze à nanofluidics
Snow and ice do not accumulate on these surfaces
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Activity 2.1: Make Your Own Superhydrophobic Surfaces
• Need: two identical pieces of Teflon,
sandpaper (220 grit and 60 grit) and a
pipette full of water.
• Keep one piece of Teflon smooth.
• Lightly sand the other pieces of Teflon
with 60, 220, and 60+220 grit sandpaper
using a random motion to impart
micro/nanometer size roughness.
Smooth Teflon

100 μm

Sanded Teflon

100 μm

10 μm

Experiment:
• Place a small drop of water on the smooth
Teflon surface.
• Tilt the surface through vertical.
• Does the drop stick or slide?
• Now place a small drop on the sanded
Teflon surface.
• Tilt the surface through vertical.
• Can you get the drop to stick?
• How the roughness from 60, 220, and
60+220 differ from etch other on the water
repellency?
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Activity 2.2: Self-cleaning on Superhydrophobic Surfaces
• Need: a pencil, a sandpaper (60 grit),
a pipette full of water, and the Teflon
and the roughened Teflon surface
(i.e., SHPo surface) in Activity 2.1
• Use the sandpaper to grind the
pencil to get some powders on the
Teflon and the roughened Teflon
surface (SHPo surface)

Experiment:
• Put some powders on the tilted
smooth Teflon surface
• Release a few drops of water slightly
uphill of powders
• Are the powders washed away?
• Put some powders on the tilted
superhydrophobic surface
• Release a few drops of water slightly
uphill of powders
• Are the powders washed away?
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Summary: Water Wettability on Surfaces
Superhydrophilic

durabilityanddesign

Hydrophilic

european-coatings

Hydrophobic

missbongsblog

roughen

Wenzel state

e.g. rough glass

it.com.cn

roughen

θ
θ ~ 0°

Superhydrophobic

θ < 90°
e.g. glass,
PMMA

θ
θ > 90°
e.g. wax,
Teflon®

θ
θ > 150°
Cassie state

e.g. lotus leaf
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Can we repel more liquids?
Terminologies:
Superhydrophobic à hydro: water
Superoleophobic à oleo: oils and fats
Superomniphobic à omni: all
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Natural Superhydrophobic Surfaces (SHPo)
Low adhesion

Directional adhesion

Underwater superoleophobic

Water collection surface

Liu, Wang, & Jiang, MRS Bulletin (2013)

Nature utilizes rough surfaces.
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Natural SHPo from Hydrophilic Material
Salvinia

Springtail

Key à an overhanging structure
Barthlott, Adv. Mater. (2010)

Helbig, PLOS ONE (2011)
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Superoleophobicity from Oleophilic Material
• Hydrophobic materials are at best oleophilic (θ < 90°)
-

Oleophilic: partially wetted by low surface tension/energy liquids
Oleophilic
Material / Coating

+

Micro/Nano
Structures

• Hydrophobic coating on surfaces
w/ overhanging structures may
render them superoleophobic.
- Usually, the most hydrophobic
material/coating is needed.

=

Superoleophobic

Liquid surface tension/energy
Liquids

𝛾 @25°C (mN/m)

Ethanol

22.0

Methanol

22.0

Peanut oil

34.5

Bromine

41.0

Water

72.0

Mercury

485.5

γê

Mercury droplets
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Artificial Superoleophobic Surfaces

(Hydrophobic Coating on Overhanging Nanostructures)
•

FluoroPOSS

CFx

• (e.g., 1H,1H,2H,2H- heptadecafluorodecyl)

• FTS
• (tridecafluoro-1,1,2,2,-tetrahydrooctyl) trichlorosilane

Hexadecane

γhexadecane = 27.5 mN/m

γoctane = 21.6 mN/m

Tuteja, Science (2007)

Cao, Langmuir (2008)
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Activity 3.1: Make Your Own Superoleophobic Surfaces
• Need: candle, lighter, glass slide.

Experiment:

• Teachers help light up the candles.

• Place a small drop of water on the
deposited candle soot layer.
• Does the drop stick or slide?

• Hold one end of the glass slide, put
the other end above the flame of the
candle (like Fig. A below).

• Is the candle soot layer SHPo?
• Is the layer mechanically robust?
• Does the drop carry soot deposit?

• Deposition of a soot layer turns the
glass black.

• How to reinforce the particle-particle
interaction?
400 nm

100 nm

Deng et al., Science (2012)

20

Prof. T. Leo Liu

Activity 3.2: Commercial Superoleophobic Surfaces
• Need: coffee filter paper, Never Wet,
vegetable oil, water, two cups,
scissors or razor blade
• Coat the inner layer of the coffee
filter paper with Never Wet (Step 1&2)
[done by Student Leaders at the
beginning of the seminar]

Experiment:
• Place a small drop of water on the
Never Wet coated coffee filter
• Place a small drop of oil on the Never
Wet coated coffee filter
• Are droplets repelled by the coating?
• Use a blade to scratch the roughen
Teflon surface and the Never Wet
coated surface
• Does the scratch area still repellent to
fluids?
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Can we repel all available liquids?
BTW, what should “repelling” mean?
– θ* > 90°?
– or θ* > 90° and small roll-off angle?
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Superomniphobic Surfaces
Why is it difficult?

• Omni- = all
• Superoleophobic surfaces cannot repel extremely
low energy liquids.
- e.g., fluorinated solvents (CFx)

• Challenge: extremely low energy liquids
completely wets (θ ~0º) any existing material
including the most hydrophobic coatings (CFx).

Speed 1/16x

Video: FC-72 wets a
superoleophobic
surface instantly
Lowest
known

Liquids

𝛾 @25°C
(mN/m)

FC-72

10.0

HFE 7100

13.6

FC-40

16.0

Hexane

18.0

Methanol

22.0

Bromine

41.0

Water

72.0
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Superomniphobic Surfaces
• Philosophical approach
Hydrophobic
Nonwetting
Material / Coating
Partial wetting
e.g., organic solvents
(methanol)

Complete wetting
e.g., fluorinated solvents
(3M™ FC-72)

+

Micro/Nano
Structures

?

What kind of
micro/nano
structures?

=

Superomniphobic
Any
liquid

θ*
θ* > 150°

Superomniphobicity, if it were possible, should be material independent.
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Complete Wetting à Superomniphobic?
• Liquid
Water Wettability on Surfaces
Superhydrophilic
Complete wetting

Hydrophilic
Partial
wetting

θ
θ ~ 0°

roughen

θ < 90°

Hydrophobic
Non-wetting

Superhydrophobic
Super non-wetting

θ

θ
θ > 90°

θ > 150°
roughen

Wenzel model

Cassie model
Re-entrant roughness
Cassie model

[Tuteja, Science (2007)]

Roughness?
Cassie Model ?
25
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What do we need specifically to
enable superomniphobicity?

26
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Requirements to Create Superomniphobicity
Cassie model (simple math)
θ: true (intrinsic, Young) contact angle
θ*: apparent (observed) contact angle

cosθ * = φs cosθ − φg
Solid fraction

Liquid

dx

θ*
Solid

gas (trapped air)

Air

Gas fraction

liquid-solid area
projected surface area
liquid-air area
φg =
≤1
projected surface area
Note that, φs + φg ≥ 1

φs =

Let’s first review mathematics:
cosine function cosθ
27
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Math Review: Cosine Function cosθ
cosθ
1
Wetting

0!

θ

θ

90°

For contact angle θ
0! ≤ θ ≤ 180!
180!

360!

θ

Nonwetting

-1
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Requirements to Create Superomniphobicity
Cassie model (simple math)

Example: water in manned spaceship

θ: true (intrinsic, Young) contact angle
θ*: apparent (observed) contact angle
Liquid

dx

⇒ θ * = 180°

gas

Photo from NASA

cosθ = φs cosθ − φg
*

Solid fraction

• Liquid suspension
- To utilize gas fraction to boost θ*

Gas fraction

liquid-solid area
projected surface area
liquid-air area
φg =
≤1
projected surface area
Note that, φs + φg ≥ 1

φs =

cosθ * = 0 ⋅ cosθ − 1

Air

θ*
Solid

φs = 0, φg = 1

• Small solid fraction
- To reduce the effect of the intrinsic wettability
on the solid material
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Requirement #1: Liquid Suspension
•

Suspension depends on meniscus angle formed at the
edge of the micro/nanostructures.
•

E.g., common structures for artificial SHPo surfaces

θ
θ
Micro-posts

•

Micro-gratings

Liquid suspension analysis is based on force balance.
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Liquid Suspension on

Vertical Microstructures
à Hydrophobic material is needed.

γ γ

θ > 90°

γ γ

What if the material is hydrophilic?
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Vertical Microstructures

If the Material is Hydrophilic…
à Cannot suspend à Wetting

θ < 90°
γ γ

γ γ

Solution: re-entrant structure
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Liquid Suspension on

Re-entrant Microstructures
• By introducing a re-entrant topology

à Moderately hydrophilic material can suspend.

γ γ

γ γ
θ < 90°

What if the material is very hydrophilic? (i.e. θ ~ 0º)
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Re-entrant Microstructures

If the material is very hydrophilic (θ ~0º)
à Cannot suspend à Wetting

γ γ

γ γ
θ ~ 0°

Solution: structures maximize upward suspension force
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Liquid Suspension on

Doubly Re-entrant Microstructures
• Increase re-entering degree à doubly re-entrant

à Suspendedà Resist wetting

γ γ

γ γ
θ ~ 0°

Liquid suspension =
≠ non-wetting/repellent?
à Requirement #2: Small solid fraction
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Superomniphobic is Basically Force Balancing
à A Pure Mechanical Matter!

γ

γ
Sloped

γ

γ
Overhang

Photo from NASA

γ

γ

γ

γ
~0!

More
overhang
Even more
overhang

36
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Requirement #2: Small Solid Fraction ϕs
How small ϕs should be?

*
Apparent
CA θ*angle
(degree)
Apparent contact
(°)

Plot Cassie model w/ θ = 0° to 130° (assuming ϕs + ϕg = 1)
180

180

160

160

140

150°

θ =θ 130°
= 120°

140

120

Liquid
Repellency

100

120
100

90°

80

80

60

60

40

θ = 0°

20
0
100
80
(Smooth surface)

θ* = θ

Superhydrophobic
Superoleophobic
Superomniphobic

60 50% 40
Solid fraction fs (%)

Solid fraction ϕs (%)

20

40

Conclusion:
When ϕs < 6%,
completely wetting
liquids can be
super-repelled.

20

~6% 0
Liu & Kim, Science, 2014
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Let’s make it!
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Realizing Superomniphobic Surfaces
• Utilize micro and nano manufacturing
Si

ze
o

100 μm

fh

um
an

5 μm
ha

ir

~85°
5 μm

1 μm
Liu & Kim, Science (2014)
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Super-repellency to “All” Liquids Confirmed

Liquids Beading

Liu & Kim,
Science (2014)
https://www.science.org/doi/suppl/10.1126/science.1254787/suppl_file/1254787s1.mov
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Super-repellency to “All” Liquids Confirmed

Liquids Rolling

Liu & Kim,
Science (2014)

Note:https://www.science.org/doi/suppl/10.1126/science.1254787/suppl_file/1254787s2.mov
Doubly re-entrant posts exist only in the central square area.
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Super-repellency to “All” Liquids Confirmed

Liquids Bouncing

Liu & Kim,
Science (2014)
https://www.science.org/doi/suppl/10.1126/science.1254787/suppl_file/1254787s3.mov
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Super-repellency from Any Material Type
• Superomniphobic surface is a pure “mechanical surface”.
• 3 basic types of material: ceramics, metals, & polymers
• Water (pink), methanol (red), and FC-72 (clear) droplets bead on
structured surfaces made of any material type.
Ceramic
5 mm

SiO2 surface

Polymer

Metal
5 mm

5 mm

Tungsten surface

Parylene surface

Liu & Kim, Science (2014)

Liquids

𝛾 @25ºC
(mN/m)

FC-72

10.0

Methanol

22.0

Water

72.0
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Platform Technology:

Repellent Surfaces Made of Any Material

What are the new applications?
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Drag Reduction
Center for Smart Control of Turbulence, Japan

• 60-90% of total drag is from skin friction drag

• Superomniphobic surface:

• 8.5% of global oil supply
• 3.3% CO2 emission
• SHPo provides shear-free interface for drag
reduction

• Flexible material selection
• Hydrophilic top surface to hold
gas layer (i.e., like Salvinia)

δ
No slip

uslip

• Precise pinning of meniscus

Slip on SHPo
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Super-repellency Free from Biofouling
• What is biofouling?
• (Warning: Pictures to be presented may
cause unpleasant feelings to some people)

mby.com

Wiki

mby.com
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Super-repellency Free from Biofouling
• Material independent à fouling insensitive
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Structure-based Superomniphobic Surfaces
Provide Super-repellency against Biofouling
• Material independent à fouling insensitive

http://science.sciencemag.org/highwire/filestream/624139/field_highwire_adjunct_files/6/1254787s7.mov

Liu & Kim, Science (2014)
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What else “can” we do with SHPo surfaces?
Entertainment?

https://youtu.be/aHzUMPeWcQU
49
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What else “can” we do with SHPo surfaces?
Boiling heat transfer?

https://youtu.be/zzKgnNGqxMw
50
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What else “can” we do with SHPo surfaces?
Civilization?
Hamburg's St. Pauli is one of the world's most famous red
light districts. It attracts around 20 million visitors a year, but
it's also a bit smelly because, after a night on the tiles, a
good number of those visitors urinate in public places. Now,
in a fit of poetic justice, the walls of St. Pauli are being
upgraded so they retaliate on micturators in kind.
Before

https://newatlas.com/st-pauli-pee-back-super-hydrophobic-walls/36424/

After

https://youtu.be/uoN5EteWCH8
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What else “can” we do with SHPo surfaces?
Repellency at extreme temperatures?

High temperature
• No polymeric coating à
stable at high temperature
- Most polymers
decompose at ~300°C

Low temperature
• Icephobic?

NASA
USAF

Liu & Kim, Science (2014)
http://science.sciencemag.org/highwire/filestream/6241
39/field_highwire_adjunct_files/5/1254787s6.mov

NASA

https://youtu.be/q
Boeing 787 (2011) QNg3tH8-zE
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Outstanding Challenges
Strong liquid
repellency

Solution:
My Ph.D. work

Omniphobic?

Solution:
Nanostructures

High
impalement
pressure

High
mechanical
robustness

Falling drops?
Deep immersion?

Abrasion?
Compression?

?
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Super-repellent Surfaces w/ High Mechanically Robustness
Cone-shape structure
Metal

Strong protection structure
Silicon

Nano-

50 μm

Micro-

10 μm

25 μm

After abrasion
50 μm

10 μm

30 μm

5 μm

10 μm

Han, RSC Advances (2018)

Wang, Nature (2020)

Are they superhydrophobic, superoleophobic, or superomniphobic?
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References: Material List
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Pure Vegetable Oil
Pencil, HB (#2), Black Lead, Yellow Barrel, Dozen
Paper Clips, Small (No. 1)
Coffee Filters, 8/10-Cup Size
Pathways Paper Hot Cups, 12 oz
Manual Pencil Sharpeners, 4w x 2d x 1h
Rubber Bands, Size 16, 0.04" Gauge, Beige, 4 oz Box
Basic Paper Dinnerware, Plates, White, 8.5" Diameter
Translucent Plastic Cold Cups, 5 oz, Polypropylene
Paraffin Wax 1 lb. Bar, 2-1/2" x 9" x 1-1/2"
Bulb Droppers 7.5 ml Capacity
Sanding Sheet for Rough Finish, 60 Grit
Sanding Sheet for Smooth Finish, 220 Grit
Teflon® PTFE/FEP Sheet White, 1/32" Thick
Never Wet 14-Ounce Liquid Repelling Treatment Kit (Base + Top coat)
Microscope Slides
Lighters
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